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INTRODUCTION
Hydrothermal plumes are caused by thermal and chemical input from submarine hot spring system into the oceans at mid-ocean ridges. Thirty years have past since the first discovery of hot springs on the Galapagos Spreading Centre [1] . Now it is widely recognized that hydrothermal activity has very important research significance in geochemistry, marine geology and marine biology.
Hydrothermal vent fields are typically located along midocean ridges, at volcanic centers, and in back-arc basins [2] . Rugged seafloor terrain and irregular plume dispersion make deep-sea hydrothermal exploration very difficult. Less than 10% of the 55-60,000km of global ridge crest has been investigated systematically up to now.
Conventional hydrothermal exploration relied upon towed vehicles, human occupied vehicles (HOV) and tethered remotely operated vehicles (ROV). With the development of AUV technology, AUV started to play an important role in hydrothermal exploration from the middle 1990s [3] [4] . Single AUV suffers from its size, power it carried and the category and number of sensors installed on it, using it to trace hydrothermal plume will often leads to fail and difficult to find the real true hydrothermal vent. While the distributed systems of multiple AUVs will become the first choice for the deep-sea hydrothermal plume exploration because of their high precision navigational and positioning ability, adaptive measures for the temporal and spatial distribution, autonomous plan for the complex marine environments and coordinative and cooperative ability.
Formation control is the basis of coordination and cooperation of multi-AUV system. The special particularities of multi-AUV formation control include 3D formation, weak communication and power and maneuverability constraints. Usually, formation control includes two aspects: formation configuration and formation keeping, but most researchers pay their attention to the formation keeping and apply formation control method such as leader-follower, behavior method and virtual structure method to keep multiple AUVs in a required spatial formation under the limitations of both environment and mission during the whole mission process from sailing, operating to returning. Formation configuration concentrates on the number of AUVs, formation shape, the range between two AUVs and sail velocity of multi-AUV system, is critical to the formation performances even to success of a hydrothermal exploration mission. This paper proposes an effective index system for the formation configuration evaluation of multi-AUV system based on Fuzzy-AHP method. It is organized as follows. Section II introduces four most important evaluation criteria for the formation evaluation. A formation evaluation model is constructed based on AHP method in section III. In Section IV we introduce the construction of pair-wise comparison matrix, the calculation of the weight of each index and normalization of the formation evaluation index model in detail. Section V illustrates the application of the Fuzzy-AHP method in the formation evaluation of multi-AUV system, evaluates the four sub-goals, including the number of AUVs, formation shape, the range between two AUVs and sail velocity of multi-AUV system aiming at evaluation comment set. At last we present our views on the formation evaluation results drawn from this paper and point out the future work.
II. FORMATION EVALUATION CRITERIA
The formation of multi-AUV system is distinguished from that of multiple mobile robots or multiple agents system while performing deep-sea hydrothermal plume exploration mission. It belongs to 3D formation with 6DOF (degrees-of-freedom) movement, weak communication, nonstructural dynamic marine environment, maneuverability and batter life constraint. Because of this, many factors wanted to be considered when evaluates the formation performances. It is difficult and undesirable to list all of evaluation indicators, among these indicators we only consider the following four most important ones.
★ Number of AUVs: The AUV must be installed a certain navigational and detection sensors when performing hydrothermal plume exploration mission. In order to improve the exploration efficiency and effectiveness, we tend to use multi-AUV collaborative manner and exert its parallel characteristics. But with the increase of the number of the vehicles, the cost of the multi-AUV system increases drastically, and the navigational and positioning ability of the multi-AUV system is a key factor must to be considered. Effective communication between two vehicles in multi-AUV system is required for completing the exploration mission collaboratively. So it is needed to make a compromise between the number of AUVs and exploration efficiency in multi-AUV system. ★Formation shape: In our multi-AUV system, the vehicle swarm is comprised of a leader AUV and several follower AUVs for considering navigational ability and formation control. The leader AUV and follower AUVs at different depths while performing exploration mission. The location of the leader AUV in 3D formation will be considered later in range between two vehicles; here we only consider 2D formation shape of the follower AUVs. Always there are four typical formation shape in multi-AUV system as shown in Fig.1 , where (a), (b), (c), (d) are the triangle formation, the echelon formation, the column formation and the line formation respectively for a system composed by 6 AUVs.
★ Range between two AUVs: In multi-AUV system, keeping the vehicles in a certain range can benefit from collision avoidance, effective underwater acoustic modem work range, short communication delays and low error rate. As depicted in [5] , the resolution of the exploration that is the range between two vehicles in our multi-AUV system is one of three parameters roughly determines the system's energy consumption. Because of the diffusion the hydrother-mal plume can diffuse several kilometers, even several tens of kilometers in horizontal plane after it reached neutral buoyancy, it is desired to keep the multi-AUV system always in plume and set the range between two AUVs into the diffuse spectrum of the hydrothermal plume. ★Sail velocity: Also as depicted in [5] , the total time of exploration mission is another parameter that can roughly determine the system's energy consumption. The total time of exploration can be determined by the velocity of AUV for a given exploration area. The outputs of formation control are restricted by AUV's kinematics and dynamics, and it is needed to consider the maneuverability of the AUV when considering the sail velocity of the AUV.
III. CONSTRUCTION OF FORMATION EVALUATION INDEX

SYSTEM
In order to make a scientific and objective formation evaluation, an all round, effective and feasible formation evaluation index system should be established at first. The system involves many factors, so when we select the indices we must follow a few principles such as scientific principle, systematic principle, comparable principle and operable principle. A comprehensive formation evaluation index system is set up as shown in Fig. 2 .
From the Fig. 2 we can see that there are four levels: target level, sub-target level, index level and alternative level, which different from typical analytical hierarchy index system composed by target level, index level and alternative level. It is needed to perform four fuzzy comprehensive evaluations because there are four sub-targets in the system.
IV. DETERMINATION OF INDEX WEIGHT BASED ON AHP METHOD
AHP is a system analysis method for multiple criteria decision making (MCDM) developed by Saaty in 1971. The basic principle is to quantify the experience judge of the decision-makers, decompose complex issues into a number of elements, and determine the relative importance of the factors in the same level by comparison between two factors and then determine the overall order of the relative importance of the fact-ors by synthesizing the experts' judgment. AHP uses "pair-wise comparisons" and matrix algebra to weight criteria. The decision is made by using the derived weights of the evaluative criteria [6] . 
A. Construction of the Pair-wise Comparison Matrixes
According to the Fig. 2 , the pair-wise comparison is performed using 1-9 scale as shown in Table I . The pair-wise comparison matrixes for the formation of multi-AUV system can be written as follows:
Where 1 B is a 4 4 × matrix represents the pair-wise comparison matrix for the number of AUVs, 2 B is also a 4 4
× matrix represents the pair-wise comparison matrix for formation shape, 3 B is a 6 6 × matrix represents the pairwise comparison matrix for the range between two AUVs and 4 B is a 4 4 × matrix represents the pair-wise comparison matrix for sail velocity of multi-AUV system.
B. Confirmation of the Indices' Weights
To complicated multi-level system, the AHP is an effective way to confirm the indices' weights. For testing, we define a random consistency ratio . . . .
. .
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R I = where . . R I is average random consistency index can be found from the ( . .) 0.0054 0.10 C R = < . We also can draw a conclusion that the four consistency tests are all acceptable, which means that the pair-wise comparison matrixes for the number of AUVs, formation shape, range between two AUVs and sail velocity are all reasonable and effective.
In the same way we can perform pair-wise comparison in the fourth level of the evaluation system and get the pairwise comparison matrixes for the evaluation indices for the number of AUVs, formation shape, the range between two AUVs and sail velocity as shown in Table III to VI. Performing confirmation for the indices' weights, and from the results we can see that all the consistency tests are all acceptable and the reasonability of these pair-wise comparison matrix have been confirmed.
What says above are the indices' weights in the formation evaluation system, next we will evaluate the schemes for the number of AUVs, formation shape, the range between two AUVs and sail velocity using fuzzy comprehensive evaluation method respectively. 
V. FUZZY COMPREHENSIVE EVALUATION FOR THE FORMATION OF MULTI-AUV SYSTEM
Fuzzy comprehensive evaluation method is a mathematical method to comprehensively evaluate things that are not easy to be clearly defined in the real world by using the fuzzy set theory of fuzzy mathematics [7] . Through the fuzzy evaluation information about the priority of various alternatives, it can be used as a reference for decision makers to make decision.
Let the set of m factors considered in evaluation system be { } 
Where the symbol " " represents the fuzzy operator.
The general process of single-level fuzzy comprehensive evaluation is as shown in Fig. 3 .
In this paper, the evaluation factor set U can be divided into 4 subsets, that is 1 U represents the factor set for the number of AUVs, 2 U represents the factor set for formation shape, 3 U represents the factor set for the range between two AUVs and 4 U represents the factor set for sail velocity of multi-AUV system. Choose the evaluation comment set V be: { } , , , , Verygood Good Moderate Bad Verybad .Integrate 10 experts' opinions from Shenyang Institute of Automation and based on these opinions to compute the grade of membership of each factor aiming at each item of the comment set.
A. Fuzzy Evaluation for the Number of AUVs
As depicted in Table VII, 
B. Fuzzy Comprehensive Evaluation for Fromation Shape
From the Table VIII and according 
C. Fuzzy Evaluation for the Range between Two AUVs
Due to space limitations, the evaluation comment set for the range between two AUVs cannot be listed herein. We only list the weight vectors and fuzzy relaxation matrixes of each factor set aiming at the comment set as follows. 
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D. Fuzzy Comprehensive Evaluation for Sail Velocity
Table IX is the evaluation comment set for sail velocity of multi-AUV system. As the same way introduced in section V (A), the fuzzy evaluation results of 1 knot( 41 U ), . From the results we can see that the grades of membership of 1 knot, 1.5 knot, 2kont and 3 knot aiming at Very Good and Good are 0.5, 0.5667, 0.6 and 0.6333 respectively. So the best choice for sail velocity of multi-AUV system is 3 knot, next are 2 knot and 1.5 knot, 1 knot is the worst.
VI. CONCLUSIONS AND FUTURE WORK
The multi-AUV system is a complex system composed by several or even more heterogeneous or homogeneous AUVs. There are many criteria and most of them are not easy to be quantified accurately, so the task for formation evaluation of multi-AUV system while performing deep-sea hydrothermal plume exploration mission is difficult and full of challenges. This paper firstly brings the Fuzzy-AHP method into the formation evaluation system of multi-AUV system, establishes a four levels evaluation index system and divides the total goal into four sub-goal, then uses fuzzy comprehensive evaluation method to evaluate these four subgoal aiming at the evaluation comment set, and supplies a new effective evaluation method for MCDM system. This method can also be used to formation evaluation of multiple robots or multiple agents system.
A digital multi-AUV simulate platform has been built up and a bat-physical multi-AUV simulate platform is under construction in Shenyang Institute of Automation, the future work is to use these multi-AUV simulate platforms to validate the results obtained from this paper. 
